Thymic stromal lymphopoietin (TSLP) is an interleukin (IL)-
C

D4
ϩ T cells can differentiate into Th1, Th2, Th17, and Treg subsets, whose different immunological functions are associated with the production of particular cytokines (1) . Of these subsets, Th2 cells play a pivotal role in immunity against helminth infection and are responsible for the pathology associated with allergic disorders (2, 3) . Th2 cells typically produce IL-4, IL-5, IL-13, and IL-9 resulting in antibody-isotype switching to IgE, eosinophilia, basophilia, mucin production, and smooth muscle cell hyperreactivity (1) .
Extensive work has highlighted the key polarizing factors underlying the development of Th1, Th2, Th17, and Treg cells. IL-4 acts as both an effector cytokine and a Th2-polarizing factor (4, 5) , although the early signals influencing T cell IL-4 production remain unclear. TSLP activates human DC to up-regulate costimulatory molecules, produce Th2 cell-attracting chemokines, and to promote the production of IL-4, IL-5, IL-13, and TNF-␣, but not IL-10, by naïve CD4 ϩ T cells (6, 7) . TSLP simultaneously fails to activate DC IL-12 secretion (6, 7) and can even inhibit LPS-induced IL-12 production by murine DC in vitro (8, 9) . More recently, TSLP has been reported to act directly on naïve mouse CD4 ϩ T cells to promote IL-4 production in vitro (10) , and to promote Th2 cytokine production by skin-infiltrating effector T cells in vivo (11) . Consistent with its role in Th2 differentiation and effector function, TSLPR Ϫ/Ϫ mice exhibit strongly attenuated allergic airway (12, 13) and skin inflammation (11) , whereas over-expression of TSLP in lung epithelial cells or keratinocytes causes spontaneous allergic inflammation within the respective tissues (13, 14) .
In the current study, we investigated the impact of TSLP-TSLPR signaling on protective Th2 immune responses against the helminths H. polygyrus and N. brasiliensis, of the Trichostrongyloidea superfamily and T. muris, of the Trichineloidea superfamily. Protective immunity against all 3 helminths requires Th2 immune responses and is abrogated in the absence of Stat6-mediated IL-4/IL-13 signals (15) (16) (17) (18) . H. polygyrus and N. brasiliensis elicit strong Th2 immune responses in most mouse strains investigated (19) . In contrast, the response elicited against T. muris is highly dependent on the genetic background of the host, with resistance or susceptibility tightly correlating with the generation of a Th2 and Th1 immune response, respectively (20, 21) . Surprisingly, we found that TSLPR signaling had no detectable impact on H. polygyrus-induced Th2 polarization and only a minor impact on N. brasiliensis-induced CD4 ϩ T cell cytokine production. In addition, TSLPR signaling had no impact on Th2 memory responses and did not alter the ability of mice to expel either helminth after secondary infection. In contrast, TSLPR signaling was necessary to prevent IL-12p40 production after T. muris infection, and lack of TSLPR signaling led to impaired protective Th2 responses. Secreted products from H. polygyrus and N. brasiliensis, but not T. muris, were found to modulate DC function in vitro, such that these cells were refractory to LPS-induced production of the proinflammatory cytokine IL-12p40. These data indicate that particular helminths can directly modulate host DC to suppress IL-12p40 production and thus render TSLP redundant for the development of Th2 immune responses.
Results
TSLP Does Not Influence Th2 Cell Differentiation, Effector Function, or
Memory Responses After H. polygyrus Infection. H. polygyrus is a natural intestinal helminth of murine rodents that enters the gastro-intestinal tract as third-stage infective larvae (L3), then penetrates the epithelial cell barrier of the small intestine to mature within the submucosa to an L4 stage. The helminth eventually exits the intestinal mucosa to populate the intestinal lumen where it establishes a chronic infection as a sexually mature adult (22, 23) . Subsequent infections of immunocompetent mice result in rapid worm rejection that requires
CD4
ϩ T cells, IL-4 production, and the generation of helminthspecific antibodies (24) .
We analyzed the impact of TSLP-TSLPR interactions on Th2 differentiation and protective immunity after H. polygyrus infection. Mice were infected with a single inoculum of L3, or subjected to a second round of infection after anti-helminth treatment of infected mice. Marked increases in the mRNA expression of the Th2 cytokines IL-4, IL-5, and IL-13 were observed in the draining mesenteric lymph nodes (MLN) after both primary and secondary infection with H. polygyrus in both WT and TSLPR Ϫ/Ϫ mice (Fig. 1A and Fig. S1 A and B) . Thus, in contrast to previous reports analyzing T. muris (8, 9) or allergen-induced Th2 cell differentiation (12) , the absence of TSLPR signaling does not impact on Th2-associated cytokine mRNA expression after H. polygyrus infection.
In keeping with the cytokine data, absence of TSLP-TSLPR interactions did not alter helminth-induced increases in blood basophils (Fig. 1B) . Total IgE and IgG1 levels were also normal in TSLPR Ϫ/Ϫ mice during the course of infection ( Fig. 1 E and  F) , and there was no evidence for an altered ratio of H. polygyrus-specific IgG1 and IgG2a antibody isotypes ( Fig. 1 G  and H) . The generation of Th2 immunity in the absence of TSLP did not depend on the number of infective larvae given, because experiments conducted with lower numbers of L3 yielded comparable findings (Fig. S2) . TSLPR Ϫ/Ϫ mice were able to clear a secondary infection with H. polygyrus (Fig. 1C ) and exhibited formation of Th2-dependent intestinal granulomas (Fig. 1D ). Histological analysis revealed that both granuloma size and H. polygyrus-induced increases in goblet cell mucin production were normal in TSLPR Ϫ/Ϫ mice (Fig. S1C) . Taken together these data demonstrate that TSLPR signaling is not required for Th2 cell differentiation, effector function or recall responses after intestinal infection with H. polygyrus.
N. brasiliensis-Induced Th2-Dependent Airway Inflammation Is Unaffected by the Absence of TSLPR Signaling. Given the reported role of TSLP in promoting Th2-dependent allergic airway inflammation, we next investigated the impact of this cytokine on airway inflammation after helminth infection. N. brasiliensis is a natural rodent helminth that invades its host through the skin as an L3 stage, then migrates to the lung where it matures into the L4 stage. Larvae then leave the lung via active migration or coughing of the mice and eventually reach the jejunum, where they develop into sexually mature adults and from where they are expelled by day 10 to 12 after infection (25) . Infection of mice with N. brasiliensis results in a strong lung inflammatory response that resembles allergic airway inflammation and is characterized by Th2-cell differentiation, increased airway eosinophilia, goblet cell hyperplasia, increased levels of circulating basophils, and production of IgE and IgG1 antibodies (26) .
TSLPR Ϫ/Ϫ and WT C57BL/6 mice exhibited comparable Th2-dependent inflammation after primary and secondary infection with N. brasiliensis (L3), as demonstrated by similarly increased numbers of airway eosinophils ( Fig. 2 A and B) , mucin-producing goblet cells (Fig. S3B) , and comparable lung pathology (Fig. S3B ). Despite the presence of a strong inflammatory cell infiltrate into the airways of both WT and TSLPR Ϫ/Ϫ mice, we did observe a significant increase in the proportion of IFN-␥ producing CD4 ϩ T cells in the airways of TSLPR Ϫ/Ϫ mice (Fig. 2D ). However, this did not alter the production of IL-4, IL-5, or TNF-␣ (Fig. 2D) , nor the number of worms recovered from either strain at day 6 after infection ( Fig. S3A ). Both TSLPR Ϫ/Ϫ and WT C57BL/6 mice exhibited complete rejection of worms by day 10 after primary and day 6 after secondary infection. The ability of TSLPR Ϫ/Ϫ mice to raise protective Th2 immune responses after N. brasiliensis infection was independent of the number of infective larvae administered ( Fig. S4 C and D) . Surprisingly, TSLPR Ϫ/Ϫ mice exhibited slightly elevated levels of circulating basophils in all of the experiments ( Fig. 2C and Fig.  S4A ). Although the functional relevance of this phenomenon remains unclear in this model, basophils have been shown to promote Th2 immunity (27) (28) (29) , and the enhanced basophil frequencies observed may therefore contribute to the normal Th2 response observed in the absence of TSLPR signaling.
The absence of any observed role for TSLP in promoting T cell-derived IL-4 production in vivo was reflected in the ability of TSLPR Ϫ/Ϫ mice to produce normal levels of total serum IgE and IgG1 ( Fig. 2 E and F) . Additionally, no impact on the production of helminth-specific IgG1 and IgG2a in response to N. brasiliensis infection could be observed (Fig. 2 G and H) .
TSLPR ؊/؊ Mice Are Susceptible to T. muris Infection Due To Enhanced
IL-12p40 Production. T. muris is a natural rodent helminth which infects the host following ingestion at the embryonated egg stage. In the caecum, the eggs rapidly hatch to the L1 larval stage and penetrate the epithelium where they remain throughout the infection. The larvae reach the L4 stage by day 22 and the adult L5 stage by day 32 after infection, by which point they are generally cleared in resistant mice (30) . Our earlier data suggested that TSLP does not directly influence Th2-cell differentiation but can modulate cytokine production by CD4 ϩ T cells. Therefore, we investigated the impact of TSLPR signaling on IFN-␥ production after T. muris infection, which is known to elicit a mixed Th1/Th2 response in C57BL/6 mice (20, 21) . Consistent with earlier reports (8), we found that TSLPR Ϫ/Ϫ mice are more susceptible to T. muris infection exhibiting significantly higher worm burdens than C57BL/6 WT mice at days 20 and 33 after infection ( Fig. 3 A and B) . Lower levels of T. muris-specific IgG1 and higher levels of T. muris-specific IgG2a in TSLPR Ϫ/Ϫ animals ( Fig. 3 C and D) indicated that this impaired immunity was due to an enhanced Th1 response, correlating with an enhanced IFN-␥ production by CD4 ϩ T cells of the draining MLN (Fig. 3E) .
Zaph et al. (8) demonstrated that TSLP actively inhibits LPS-induced IL-12p40 production by murine BM-DC. Additionally, regulation of IL-12 is known to critically alter the ratio of IFN-␥ or IL-4 producing CD4 ϩ T cells after helminth infection (31) (32) (33) (34) . We therefore hypothesized that a failure of T. murisinfected TSLPR Ϫ/Ϫ mice to mediate Th2-cell differentiation and effector function may result from enhanced IL-12p40 production in these mice. Indeed, increased IFN-␥ production in TSLPR Ϫ/Ϫ mice correlated with elevated levels of IL-12p40 (Fig. 3F) . To confirm that the elevated IL-12p40 was responsible for the inability of TSLPR Ϫ/Ϫ mice to reject T. muris, we treated mice with neutralizing anti-IL-12p40 mAb (clone C17.8) throughout the course of the infection (Fig. 4A ). As expected, mice which received anti-IL-12p40 mAb showed a reduced disease severity with attenuated IFN-␥ production (Fig. 4B) , lower worm burden (Fig. 4C) , and an altered ratio of helminth-specific IgG1 (Fig.  4D ) compared with isotype control-treated animals. Surprisingly, IL-12p40 neutralization did not impact on T. muris specific IgG2a titers (Fig. 4E) . Taken together, these data indicate that the major role of TSLP during T. muris infection is to prevent host production of IL-12p40.
Helminth Products Activate DC But Inhibit the Production of Proinflammatory Cytokines. Based on our previous findings we hypothesized that H. polygyrus and N. brasiliensis may promote Th2 responses independently of TSLP by directly modulating host IL-12p40 production. To test this hypothesis, we cultured bone marrow-derived (BM)-DC together with ES products collected from H. polygyrus (HES), N. brasiliensis (NES), or T. muris (TES). BM-DC were incubated overnight with HES, NES, or TES, and subsequently exposed to LPS to induce cytokine production. Interestingly, both HES and NES, but not TES, inhibited LPSinduced IL-12p40 production (Fig. 5A ). HES and NES were also able to suppress IL-12p40 production after ligation of CD40 with an agonistic mAb (clone FGK.45) and this occurred independently of MyD88 Ϫ/Ϫ or TLR4 Ϫ/Ϫ signaling pathways (Fig. 5 C and D) . In an attempt to determine the nature of the factor(s) responsible for the observed effect, we heat-inactivated HES and NES. This treatment could not impair the ability of HES and NES to attenuate IL-12p40 production in C57BL/6 BM-DC (Fig.  5B) , indicating that inhibitory factor(s) of a nonprotein nature are contained within both helminth preparations. As a next step, we investigated whether the helminth products could inhibit IL-12p40 production directly or whether this occurred indirectly via a host-derived factor. C57BL/6(Ly5.1) BM-DC were cultured with HES or NES overnight as described earlier, washed extensively to remove soluble helminth products, and cocultured with untreated congenic C57BL/6(Ly5.2) BM-DC before activation with LPS. Strikingly C57BL/6(Ly5.2) BM-DC cocultured with HES or NES treated C57BL/6(Ly5.1) BM-DC were also unable to respond to LPS stimulation (Fig. 5E ). This data indicates that exposure of DC to H. polygyrus or N. brasiliensis helminth products not only results in a hyporesponsive state but can also alter the responsiveness of neighbouring DC. Because IL-10 can be produced by DC and is known to suppress IL-12p40 production (35), we determined whether increased IL-10 production was responsible for the observed effect. However, no IL-10 could be detected by HES or NES pretreated DC before or after LPS stimulation and inclusion of a blocking mAb directed against the IL-10 receptor (anti-IL-10R mAb, clone IBI.2) had no impact on the ability of HES and NES to directly or indirectly attenuate IL-12p40 production by BM-DC (Fig. 5F ).
Discussion
The notion of an essential role for TSLP-TSLPR signaling during experimental allergy has culminated in the widely cited hypothesis that TSLP functions as a master switch for Th2-cell differentiation. Our data challenges this hypothesis by showing that Th2-cell differentiation, effector function and memory responses after infection with the natural rodent helminths H. polygyrus and N. brasiliensis, but not T. muris, are normal in mice lacking the TSLPR-mediated signals. Our data demonstrate that TSLP is dispensable for H. polygyrus-or N. brasiliensis-driven Th2-cell differentiation and IL-4 production. Moreover, the absence of TSLPR signaling did not prevent Th2 cell-dependent worm rejection and had no consequence for IL-4-dependent IgE and IgG1 production. Interestingly, although IL-4 production by CD4 ϩ T cells was normal in the absence of TSLP, the percentage of cells producing IFN-␥ was increased in the airways of N. brasiliensis-infected mice.
These data challenge the role attributed to TSLP in promoting Th2 immune responses during mouse models of allergy induction or T. muris infection (8) (9) (10) (11) (12) 36 ). However, we were able to explain this discrepancy by showing that the major role of TSLP during T. muris infection is to prevent host production of IL-12p40 and that H. polygyrus and N. brasiliensis, but not T. muris, could directly inhibit host IL-12p40. These data were generated by exposing BM-DC to HES or NES in vitro and are in keeping with the findings of Segura et al. (37) who reported that HES can inhibit the production of proinflammatory cytokines by BM-DC after activation with TLR ligands. To clarify the mechanism by which HES and NES mediate their suppressive effect, we performed experiments that showed that the responsible factor(s) are either of a nonprotein nature or still functional as denatured proteins. Additionally, we found that the suppressive effect can be transmitted to neighbouring DC in an IL-10-independent manner.
Taken together, these data demonstrate that TSLP does not act directly to promote Th2 responses. This conclusion is supported by 2 studies, published while our manuscript was under review, showing that Th2 responses are intact after chronic infection of TSLPR Ϫ/Ϫ mice with Schistosoma mansoni (38) and in T. muris infected TSLPR Ϫ/Ϫ mice treated with anti-IFN-␥ mAb (9) . Indeed, the major function of TSLP appears to be the limitation of IL-12p40 production by the host. In the case of the helminths H. polygyrus and N. brasiliensis, the absence of TSLP is compensated for by the ability of these helminths to directly suppress IL-12p40 production by host DC, thereby suppressing the development of Th1 responses.
Materials and Methods
Mice. C57BL/6 and BALB/c mice were purchased from Charles River Laboratories and housed at Biosupport AG under specific pathogen-free conditions. Congenic C57BL/6(Ly5.1), TSLPR Ϫ/Ϫ (39), TLR4 Ϫ/Ϫ (40), and MyD88 Ϫ/Ϫ (41) mice were bred in house. TLR4 Ϫ/Ϫ mice are on a BALB/c and Myd88 Ϫ/Ϫ mice on a C57BL/6 background. TSLPR Ϫ/Ϫ mice were backcrossed to C57BL/6 mice for more than 5 generations. Animal experiments were performed according to institutional guidelines and to Swiss federal and cantonal laws on animal protection.
Parasite Infection and Collection of ES Products. H. polygyrus and N. brasiliensis L3 were prepared from feces collected from infected mice or rats, respectively. Larvae were hatched from fecal charcoal cultures at day 7 after collection (H. polygyrus) or between days 14 and 28 after collection (N. brasiliensis). T. muris was maintained as described in ref. 42 . For H. polygyrus infection, 200 L3 were administered by oral gavage. Adult worms were cleared after day 40 by oral gavage of 250 mg of Cobantril (Pfizer) twice at 7-day intervals. Secondary infections with 200 H. polygyrus L3 were given 2 or more weeks after the last Cobantril treatment. For infection with N. brasiliensis 500 L3 were administered by s.c. injection. Infections were cleared naturally in all mice by day 15 after primary infection, and secondary infections of 500 L3 were given 2 or more weeks after helminth clearance. Mice were infected with 100 eggs of T. muris administered by oral gavage. The immune response was assessed at day 20/21 and 33 after infection. To block endogenous IL-12p40, mice were treated with 500 g of anti-IL-12p40 (clone C17.8; BioXCell) i.p. twice a week for the length of the infection. Rat IgG2a (clone 2A3; BioXCell) was used as an isotype control.
For the generation of ES products, L3 N. brasiliensis or L5 H. polygyrus helminths were washed extensively in sterile PBS supplemented with penicillin and streptomycin (Gibco), then incubated for 1 h in RPMI (BioWhittaker) supplemented with penicillin and streptomycin and cultured in RPMI plus antibiotics (penicillin, streptomycin, and gentamicin; Sigma-Aldrich) and 1% glucose (Sigma-Aldrich). The supernatant was collected after 2 days (NES) or every 2 days for a period of 2 weeks (HES), followed by sterile filtration and concentration of the supernatant by centrifugation through a 10,000 MWCO cellulose membrane (Centriprep; Millipore). T. muris ES products were prepared from L5 adult worms after 4 h in vitro culture.
Quantification of Airway Inflammation. Bronchoalveolar lavage (BAL) was performed by flushing the lungs and airways three times with 1 mL of PBS. Recovered cells were counted then spun onto glass slides for later analysis. Slides were stained with Diff-Quik (Dade) and differential cell counts made using standard criteria.
BM-DC Generation and Culture. Bone marrow cells were isolated from naïve C57BL/6 mice and BM-DC were generated as described in ref. 43 . At day 10, BM-DC were collected and plated out at a concentration of 10 5 cells per well in a 96-well round bottom plate. Cells were stimulated with complete medium [IMDM (BioWhittaker) containing 7% FCS, L-glutamine, Hepes, 100 U/mL penicillin, and 100 g/mL streptomycin and 25 M 2-ME (Sigma-Aldrich)] containing 5 g/mL HES, NES, or TES for 16 h, then either analyzed directly for the expression of activation markers or restimulated with LPS (from Escherichia coli 0111:B4; Sigma-Aldrich) or anti-CD40 (clone FGK.45, kindly provided by Cytos Biotechnology) for analysis of cytokine production by intracellular cytokine staining and flow cytometry. Where stated, cells were additionally treated with 10 g/mL anti-IL-10R (clone IBI.2).
Flow Cytometry. For analysis of cytokine production, 5 ϫ 10 5 cells from BAL samples were stimulated with PMA (Sigma-Aldrich) and ionomycin (SigmaAldrich) for 4 h at 37°C in complete medium. For the final 2 h, brefeldin A (10 g/mL; Sigma-Aldrich) was added to the cultures to retain cytokines in the cytoplasm. Thereafter, cells were stained with FITC-labeled anti-CD4 mAb then fixed with 2% paraformaldehyde before staining with anti-cytokine antibodies. T. muri-specific response was assessed by incubating total MLN cells for 24 h or 72 h with 50 g/mL TES at 37°C. The cells were then incubated for 4 h with PMA and ionomycin, and with brefeldin A for the last 2 h before proceeding to intracellular cytokine staining as described above. Basophils were identified as IgE hi CD49b hi CD11b int Thy1.2 int . For intracellular cytokine staining of BM-DC, cells were stimulated with different concentrations of LPS or anti-CD40 for 6 h, with addition of brefeldin A for the last 3 h after which cells were fixed and cytokine production analyzed. Ly5.1 cells were analyzed
